Alphavirus nonstructural proteins are translated as a polyprotein that is ultimately cleaved into four mature proteins called nsP1, nsP2, nsP3, and nsP4 from their order in the polyprotein. The role of this nonstructural polyprotein, of cleavage intermediates, and of mature proteins in synthesis of Semliki Forest virus (SFV) RNA has been studied using mutants unable to cleave one or more of the sites in the nonstructural polyprotein or that had the arginine sense codon between nsP3 and nsP4 changed to an opal termination codon. The results were compared with those obtained for Sindbis virus (SINV), which has a naturally occurring opal codon between nsP2 and nsP3. We found that (1) an active nonstructural protease in nsP2 is required for RNA synthesis. This protease is responsible for all three cleavages in the nonstructural polyprotein.
Introduction
Semliki Forest virus (SFV) and Sindbis virus (SINV) are two alphaviruses (family Togaviridae) that have been well studied. They have plus-strand RNA genomes of 11,442 and 11,703 nucleotides, respectively, whose 5V-ends are capped and 3V-ends are polyadenylated (reviewed in Strauss and Strauss, 1994) . Upon infection of cells, the 5V two-thirds of the RNA is translated into one nonstructural polyprotein, called P1234, in SFV (Takkinen, 1986) , but into two polyproteins, P123 and P1234, for SINV (Strauss et al., 1983 (Strauss et al., , 1984 . P123 is produced by termination at an opal codon positioned between nsP3 and nsP4. Readthrough of this codon to produce P1234 occurs with an efficiency of 5-20% during in vitro translation (de Groot et al., 1990; Shirako and Strauss, 1994) , and the efficiency of readthrough is presumed to be similar in infected cells. The polyproteins produced upon translation are processed by a viral protease located in the carboxy-terminal half of nsP2 (Hardy and Strauss, 1989; Merits et al., 2001; Strauss et al., 1992) to produce several intermediate polyproteins and four mature proteins, nsP1, nsP2, nsP3, and nsP4. The various nonstructural proteins form RNA replicases that first synthesize a genomic length minus-strand RNA, which then serves as a template for synthesis of both plus-strand genomic RNA and 26S subgenomic RNA.
The functions of the individual nonstructural proteins have been studied in some detail (Kääriäinen and Ahola, 2002; Strauss and Strauss, 1994) . nsP1 is part of an RNA capping complex (Ahola et al., 1997) and also plays a specific role in minus-strand RNA synthesis (Hahn et al., 1989b; Wang et al., 1991) . nsP2 is a nucleoside triphosphatase, an RNA helicase, and the protease that processes the nonstructural polyproteins (de Cedron et al., 1999; Hardy and Strauss, 1989; Merits et al., 2001; Strauss et al., 1992; Vasiljeva et al., 2001) . In addition, it has a specific role in the regulation of subgenomic RNA synthesis (Hahn et al., 1989b; Soupanki et al., 1998) . The role of nsP3 is unknown but it is essential for RNA replication (Hahn et al., 1989b; La Starza et al., 1994) and is phosphorylated (Li et al., 1990; Vihinen et al., 2001) . nsP4 contains the GDD RNA polymerase motif characteristic of viral RNA polymerases (Kamer and Argos, 1984) , and genetic studies are consistent with this assignment (Hahn et al., 1989a) .
The roles of the various nonstructural proteins, including cleavage intermediates, in the synthesis of plus and minusstrand RNA have been studied using cleavage-defective mutants of SINV (Lemm and Rice, 1993; Lemm et al., 1994; Strauss, 1990, 1994) . Early in infection, nsP4 and P123, produced by cis-cleavage of P1234, form transient minus-strand RNA synthetase complexes. Further cleavage of this complex in trans produces another unstable complex containing nsP1, P23, and nsP4 that is able to synthesize both minus-strand and plus-strand RNA. Final cleavage to produce the fully cleaved complex containing nsP1, nsP2, nsP3, and nsP4 results in an RNA synthetase that can no longer make minus-strand RNA. Further, the high concentration of trans-acting protease at late times prevents new synthesis of P123, resulting in cessation of minus-strand RNA synthesis (de Groot et al., 1990; Sawicki and Sawicki, 1980) and establishment of superinfection exclusion (Karpf et al., 1997a, 1997b, and references therein) .
In the regulation of RNA synthesis described above, P123 produced by termination at the opal codon in SINV is believed to play an important role by allowing the rapid buildup of trans-acting protease that will convert the minusstrand replicase into one that can also make plus strands. This hypothesis is supported by the findings that plus-strand RNA synthesis is delayed in SINV mutants in which the opal codon has been changed to serine (Li and Rice, 1989) . Other possible functions for P123 during RNA replication have also been proposed (Shirako and Strauss, 1998) . However, SFV lacks a termination codon between nsP3 and nsP4, having an arginine codon in place of the opal codon (Takkinen, 1986 ), suggesting that SFV might regulate its RNA synthesis in a different manner. To investigate how SFV regulates RNA synthesis, we constructed a fulllength cDNA clone of SFV and used it to make cleavagedefective mutants as well as mutants in which the arginine codon between nsP3 and nsP4 was replaced by opal. We found that regulation of RNA synthesis in SFV closely parallels that in SINV and is thus a general feature of alphavirus infection.
Results

Construction of mutants
The nonstructural coding region of wild-type SFV and of the various mutants constructed for this project are illustrated schematically in Fig. 1 . Four nonstructural proteins are produced by cleavage (arrows) of a precursor polyprotein. Cleavage follows a Gly -Ala or Gly -Cys sequence and is performed by a nonstructural protease in nsP2 whose active site contains Cys-478. Mutations introduced include substitution of the penultimate Gly in various cleavage sites by Val, substitution of the Arg residue 7 residues upstream of nsP4 by Opal (UGA), or inactivation of the protease by the substitution C478G in nsP2. Full-length cDNA clones were linearized with SpeI and transcribed with SP6 RNA polymerase. The resulting RNA was translated in a cell-free system from rabbit reticulocytes and the protein products examined by acrylamide gel electrophoresis (data not shown). We found that the Gly to Val change in any cleavage site made that site refractory to cleavage, as was previously shown for SINV Strauss, 1990, 1994) , that the Arg to Opal substitution resulted in a leaky stop codon (see Li and Rice, 1993) , and that the Cys to Gly change in the active site rendered the protease inactive (see Strauss et al., 1992) . We also found that mutants unable to cleave the site between nsP1 and nsP2 were also unable to cleave the site between nsP2 and nsP3, as was previously found for SINV .
Infectivity of SFV RNAs
The specific infectivities of the transcribed RNAs were examined by transfecting BHK cells, using lipofectin. The transfected cells were overlaid with culture medium containing 1% agarose and incubated 48 h at 30 jC. SFV wild type produced large plaques, as did the opal substitution mutant, SFV.opal. Mutants in the nsP2/nsP3 cleavage site, SFV 2V and SFV 2V.opal, produced medium-to smallsized plaques. The 1/2 cleavage site defective mutants, SFV 1V and SFV 1V.opal, produced small to minute sized plaques, as did the 1/2 and 2/3 double mutants, SFV 12V and SFV 12V.opal. There were no significant differences in the specific infectivity of any of these RNA transcripts. The mutants in the 3/4 cleavage site (SFV 3V and SFV 3V.opal), as well as the mutant in the active site of the protease (SFV S1234), were nonviable. These results are similar to those previously obtained for SINV (Shirako and Strauss, 1994) .
The relative growth of the various SFV strains in BHK at 30 jC was examined by incubating transfected BHK cells under liquid medium at 30 jC, harvesting the medium at 48 h after infection, and assaying for the production of progeny viruses by plaque assay on chicken cells. In each case, the yield was approximately the same whether opal or sense was present upstream of nsP4. SFV wild-type and the corresponding opal termination mutant produced about 2 Â 10 9 PFU/ml. The 2V and 2V.opal mutants produced about 10% as much virus, whereas the 12V and 12V.opal mutants produced about 5% as much virus as wild type. The virus yields reflect the plaque sizes seen upon primary transfec-tion under agarose (large, medium, and small plaques, respectively). As described, 3V, 3V.opal, and S1234 are nonviable and no virus was produced.
Relative growth on chicken cells
The growth rates of the different mutants at 30 and 39 jC were examined in chicken cells, using a starting multiplicity of 2. The culture fluid was harvested at different times and assayed for virus titer by plaqueing on chicken cells at 30 jC. The results are shown in Fig. 2 . At 30 jC, the sense and opal mutants are very similar, as was the case in BHK at 30 jC. SFV wild-type and the corresponding opal mutant peak at 18 h after infection with a titer of 10 10 PFU/ml ( Fig. 2A ). Virus production by mutants defective in cleavage at the 2/3 site, SFV 2V and SFV 2V.opal, was delayed and the final titer produced at 24 h was 10-20% that of the wild-type. Virus production by 1/2 and 2/3 double mutants, 12V and 12V.opal, was delayed even further and the titer at 24 h was about 2% Fig. 1 . Diagrammatic representation of SFV full-length clones having different mutations in the nonstructural polyprotein. The top line illustrates the wild-type SFV polyprotein P1234. Cleavages (arrows) follow an A residue in nsP1 and nsP3 and a C residue in nsP2. Boxed residues were changed in the various constructs shown below. Change of the penultimate G to V abolishes cleavage at that site as illustrated by the lack of an arrow. The opal termination codon introduced into the position occupied by this codon in SINV is illustrated by an asterisk (*). C-478 in nsP2 is an active site residue in the protease, and change of this residue to G in SFV S1234 abolishes proteolytic activity. that of wild-type. At 39 jC, all of the viruses reached a peak virus titer at about 9-12 h after infection except for SFV.opal, which continued to grow slowly (for a further discussion of the significance of this result, see below). Less virus was produced at 39 jC than at 30 jC in every case. Interestingly, under these conditions, the opal mutants have a clear advantage in the two cases in which significant virus growth occurs. This is particularly marked in the 2V mutant, in which the opal variant has not only a 10-fold yield advantage but appears to have less of a delay. The 12V mutants are essentially nonviable at 39 jC (see also Shirako and Strauss, 1994) .
Growth of the viruses in mosquito cells
We also tested the growth of the SFV cleavage mutants in mosquito cells, the alternate host for most alphaviruses. The results are shown in Table 1 , in which the SFV mutants are compared with the analogous mutants of SINV. On mosquito cells as on hamster and chicken cells, there is little difference in the growth of the SFV opal mutants relative to the growth of the corresponding sense mutant. The 2V mutants grow about 10% as well as the wild-type SFV, whereas the 12V mutants are severely attenuated and produce only about 0.03% as much virus as wild-type. It is interesting that the SFV 2V mutants grow significantly better than does the SINV 2V mutant.
Minus-strand RNA synthesis
Chicken cells were infected with the various mutants of SFV at a multiplicity of 5. The infected cells were incubated at 30 or 39 jC and RNA was extracted at 1, 2, 3, or 7 h after infection. RNase protection assays (RPAs) using 32 P-labeled probes were performed as described in Materials and methods. The protected probe fragment derived from genomic sized minus-strand RNA is 313 nts, and as shown in Fig. 3 , minus-strand RNA was detected by 1 h after infection with all of the mutants at both temperatures. Thus, the reduced yields seen with some of the mutants, in particular with the 12V mutants at 39 jC, which are essentially nonviable at this temperature, are not due to a failure to synthesize minusstrand RNA from the incoming genomic RNA. This result is essentially the same as previously found for SINV (Shirako and Strauss, 1994) . At later times after infection, it becomes difficult to assay for minus-strand RNA using labeled plusstrand probe because of the synthesis of plus-strand RNA in the infected cells, which outcompetes the labeled probe. However, we were able to detect minus-strand RNA in cells infected by SFV 12V and SFV 12V.opal mutants even after 88.00 SF 2V opal 10.9 SF 12V opal 0.03 a The 2V and 12V mutants are blocked at cleavage site 2 only or at both sites 1 and 2, respectively (see Fig. 1A ). The opal series of SF viruses contain the opal codon in place of the arginine codon (see Fig. 1B ). b Uninfected C6/36 or C7-10 mosquito cells were infected at a multiplicity of 0.5 and incubated at 30 jC for 24 h. Virus released into the culture fluid was titered by plaque assay on BHK cells or chicken cells at 30 jC. Titers are expressed relative to the titer of SIN or SF in the same experiment. Fig. 1 and used to transfect BHK cells at 30 jC. Released virus was harvested at 48 h and used to infect duplicate multiwell plates of chicken cells at a multiplicity of 2, followed by incubation at 30 jC (A) or 39 jC (B). Media were harvested at different times and titrated by plaque assay on chicken cells at 30 jC for 48 h; plaques were visualized by staining with neutral red. 7 h PI at 39 jC ( Fig. 3B ), because these mutants fail to produce large amounts of plus-strand RNA. Thus, in these mutants, either minus-strand RNA made early after infection is stable or the replicase complexes are stable and continue to produce minus-strand RNA.
Plus-strand RNA synthesis
Plus-strand RNA synthesis was also analyzed by an RNase protection assay and results in the first 2 h after infection are shown in Fig. 4 . Because the radiolabeled probe was made from the region containing the start of the subgenomic RNA, different sized fragments were protected by genomic and subgenomic RNA, 313 nts and 237 nts, respectively. In the case of all of the SFVs, both genomic and subgenomic RNA was detectable by 1 h after infection at both 30 and 39 jC, and there were no obvious differences in the amounts of genomic or subgenomic RNA after infection by any of the mutants compared with wild-type ( Fig. 4 and other data not shown). Thus, the early replicase complexes containing P123 and nsP4 can synthesize both plus and minus-strand RNA. In this, SFV appears to differ from SINV, in which plus-strand RNA synthesis, or at least efficient plus-strand synthesis, requires cleavage of P123 Shirako and Strauss, 1994) .
At later times after infection, differences begin to appear in the accumulation of plus-strand RNA (Figs. 4 and 5) . The data in Fig. 5 were obtained by labeling with 3 H-uridine or with 32 PO 4 . Labeling was from 1.5 to 3 h after infection ( Fig. 5A ), from 3.5 to 5 h ( Fig. 5B ), or from 2 to 7 h ( Fig.  5C ). Inspection of Figs. 4 and 5, and of other experiments not shown, reveals the following: (1) The plus-strand RNA synthesis patterns of wild-type SFV and the corresponding opal mutant are essentially indistinguishable at 30 jC. More Fig. 4 . Plus-strand RNA detected by RNase protection assay early after infection. Chicken cells were infected at a multiplicity of 5 and incubated at either 30 jC (A) or 39 jC (B). Total RNA was extracted at 1 or 2 h after infection and assayed for plus-strand RNA as described in Materials and methods, using 10 Ag RNA from the 1 h samples and 5 Ag from the 2 h sample. The lengths of probe protected by genomic and subgenomic RNAs are 313 and 237 nts, respectively. Probe, undigested probe. Arrows at right edge of each panel indicate the size of the undigested probe. subgenomic RNA is made at later times than genomic RNA, as has been previously reported. At 39 jC, however, the wild type virus has a clear advantage in RNA synthesis and it is somewhat surprising that the two viruses produce the same yield of progeny at 9 h (Fig. 2B) . At still later times at 39 jC, RNA synthesis by the opal mutant begins to catch up (data not shown), and progeny virus continue to be made by the opal mutant but not by the parental virus (Fig. 2B ). As might be expected because the parental SINV AR339 contains opal, the opal variant of SINV is more efficient in RNA production than the sense variant at low multiplicity of infection (Li and Rice, 1989 ) and thus differs from SFV.
(2) The mutants that are defective in cleavage at the 2/3 site, SFV 2V and 2V.opal, synthesize plus-strand RNA efficiently, and there is little reproducible difference between the opal and sense variant, although the opal variant appears to have a slight edge (Figs. 4 and 5 and results not shown). However, these mutants, whose RNA replicase complex is composed of P123 + nsP4 or of nsP1 + P23 + nsP4, produce more genomic RNA than subgenomic RNA, in contrast to the parental SFV. Thus, the partially cleaved replicase prefers the promoter for genomic RNA synthesis, whereas the fully cleaved replicase prefers the promoter for subgenomic RNA synthesis, as is the case for SINV (Lemm and Rice, 1993) . Although synthesis of genomic RNA by SFV 2V and 2V.opal is as efficient as that of the parental SFV, production of virus is much slower (Fig. 2) , perhaps because of an inadequate supply of subgenomic mRNA for translation into the structural proteins required for virus assembly.
(3) The mutants that are defective in the cleavage of both the 1/2 and 2/3 cleavage, and thus retain the early replicase containing P123 + nsP4, make little plus-strand RNA in comparison to the parental SFV after the first 1-2 h (Figs. 4 and 5). Thus, although the early replicase can make plusstrand RNA, it cannot do so as efficiently as the cleaved replicase, and these mutants lag behind in RNA synthesis and virus production. An RNase protection assay for plusstrand RNA in these mutants at 7 h after infection at 39 jC is shown in Fig. 5D . Plus-strand RNA is present, but in very small amounts. As shown in Fig. 2 , these mutants are essentially nonviable at 39 jC.
Discussion
The nonstructural protease
It was first reported that SFV nsP4 was an autoprotease that cleaved itself from P1234 (Takkinen et al., 1990) , unlike SINV for which nsP2 is responsible for processing all three sites in the nonstructural polyprotein (Hardy and Strauss, 1989; Strauss et al., 1992) . Recently, however, Merits et al. (2001) found that the SFV nsP2 protease was responsible for this cleavage. Our results agree with those of Merits et al. (2001) and clearly show that the SFV nsP2 protease is responsible for all three cleavages in the nonstructural polyprotein. For both SFV (this paper) and SINV (Shirako and Strauss, 1994) , the cleavage to release nsP4 from the nonstructural polyprotein is absolutely required for replication of the viral RNA. 
Regulation of alphavirus RNA synthesis
We have previously presented a model for the control of SINV RNA replication that is dependent upon the regulated cleavage of the nonstructural polyprotein by the viral nsP2 protease Shirako and Strauss, 1994) . In this model, P1234 is cleaved in cis to form unstable replication complexes containing P123 + nsP4 that can synthesize minus-strand RNA from the incoming genomic RNA, but which can synthesize plus-strand RNA only with low efficiency. Cleavage in trans of P123 by the protease, which requires a buildup in the concentration of the protease to support a bimolecular reaction, gives rise to an intermediate replicase containing nsP1 + P23 + nsP4 that can make both plus and minus-strand RNA, but which synthesizes genomic RNA more efficiently than subgenomic RNA. Final cleavage to produce the fully cleaved replicase containing nsP1 + nsP2 + nsP3 + nsP4 produces an enzyme that can no longer synthesize minus-strand RNA and that synthesizes subgenomic RNA more efficiently than genomic RNA. The results presented here for SFV are fully compatible with this model and support the hypothesis that all alphavirus RNA replication is controlled by the same proteolytic cascade. There are minor differences in the relative abilities of the various forms of the replicase to make plus-and minus-strand RNA, because the SFV replicase containing P123 + nsP4 is more efficient in plusstrand RNA synthesis than is the corresponding SINV replicase, but the overall control mechanisms are conserved.
Molecular genetic studies have supported a role for nsP1 and nsP4 in the synthesis of minus-strand RNA and a role for nsP2 in the synthesis of the subgenomic RNA (reviewed in Strauss and Strauss, 1994) . As an example, temperaturesensitive mutants of SINV and SFV that are defective in the production of the subgenomic RNA have been found to have defects in nsP2 (Soupanki et al., 1998) . Such molecular genetic studies support the hypothesis that conformational changes in the replicase induced by the various cleavages result in changes in promoter recognition by the replicase.
What is the function of the opal codon in alphaviruses?
The majority of alphaviruses possess an opal codon between nsP3 and nsP4, but several viruses [SFV, O'nyong-nyong virus (ONNV) , and a strain of SINV] were reported to contain Arg or Cys codons in lieu of opal (reviewed in Strauss and Strauss, 1994) . Furthermore, it has been found that passage of the virus in cell culture can select for opal or sense, depending upon the system. Lanciotti et al. (1998) found several isolates of ONNV to contain opal, but this was replaced by Arg upon passage in Vero cells. Weaver et al. (1999) found that the opal codon of eastern equine encephalitis virus (EEEV) changed to Arg or Cys upon passage in mosquito C6/36 cells. It appears clear that sense and opal have different selective advantages in different hosts, but the reason for this is obscure. It does not arise from excess production of nsP4 in the sense variants because free nsP4 is rapidly degraded by the N-end-rule pathway (de Groot et al., 1991; Li and Rice, 1989; Takkinen et al., 1991) . Thus, the primary effect of the opal codon would appear to be the early and rapid production of P123 that cannot form a replicase because it lacks nsP4. The function of this P123 could be to accelerate processing of the minus-strand replicase, because the cleavages to produce the plus-strand replicase occur in trans, a hypothesis supported by the results of Li and Rice (1989) . A second possible function could be to supply extra helicase to replicase complexes, such as is known to occur during the replication of tobacco mosaic virus RNA (Watanabe et al., 1999) . The fact that such exquisite control appears to be required for survival of alphaviruses in nature is an indication of the fine balance achieved by these viruses to replicate in such disparate hosts as insects and mammals, which requires adjustment to quite different temperatures as well as to the different milieus within the cell.
Why do alphaviruses shut off minus-strand RNA synthesis?
Regulation of minus-strand RNA synthesis should allow a more efficient use of the resources within the infected cell, but more important consequences of minus-strand shutoff may be responsible for the evolution of this delicate control mechanism. For one, it also leads to exclusion of superinfecting alphaviruses (Karpf et al., 1997a (Karpf et al., , 1997b and references therein). The fact that many different viruses, both bacterial and animal, have evolved mechanisms to exclude superinfecting viruses suggests that this ability confers a selective advantage upon the virus. More importantly, however, is that it makes easier the establishment of a persistent infection in mosquitoes. Most alphaviruses alternate between mosquito hosts and vertebrate hosts. Infection of the mosquito begins in the midgut following a blood meal and spreads to other organs, including the salivary glands, and only after this spread can the mosquito transmit the virus (Bowers et al., 1995; Scott et al., 1984; Weaver, 1986) . Early after infection high yields of virus are produced, but virus production is then downregulated and a persistent infection is established that is relatively asymptomatic, allowing the mosquito to remain healthy and undergo another reproductive cycle, for which it will take a blood meal and transmit the virus to a new vertebrate. Although relatively asymptomatic, there is pathology associated with alphavirus infection of mosquitoes (Weaver et al., 1988 (Weaver et al., , 1992 , and the fecundity of a mosquito may be decreased by infection with an arbovirus (McGaw et al., 1998) , stressing the necessity to moderate the virulence of arboviruses in the insect vector. As studied in mosquito cells in culture, which appear to be a useful model for the events that occur in vivo, alphavirus infection first leads to production of high virus titers followed by a downregulation of virus production beginning a few days after infection to rates about 1% of the initial rate (Davey et al., 1973; Karpf et al., 1997a Karpf et al., , 1997b Stevens, 1970) . After this, only a small fraction of the cells actively produce virus at any given time (Igarashi et al., 1977; Riedel and Brown, 1977) . Thus, the infection is maintained by active production of virus in a subset of cells rather than by all cells continually producing small amounts of virus, suggesting that infected cells eventually become refractory to continued production of virus and are ultimately cured of the infection, but later become sensitive to reinfection by the virus, resulting in a chronic infection.
In our model, infection first leads to the vigorous replication of the virus, but once minus-strand RNA synthesis is shut down by cleavage of polyprotein replicases, further acceleration of viral amplification stops. Although most mosquito cells survive this initial virus onslaught, they probably would not survive higher levels of viral RNA production. It has been found that the extent of apoptosis in different lines of cultured mosquito cells infected with SINV or SFV increases with increase in the amount of RNA and virus produced by the cells (Karpf et al., 1997a (Karpf et al., , 1997b Miller and Brown, 1992; Tatem and Stollar, 1986; Tooker and Kennedy, 1981) . After shutdown of minus-strand RNA synthesis, viral RNA production can continue on preformed replicase complexes, but we propose that it is gradually reduced by decay of replication complexes together with the dilution of these complexes by continued cell division. Eventually, RNA synthesis effectively ceases but the cell remains immune to superinfection because of the presence of residual trans-acting protease. Finally, with turnover of this protease and its increasing dilution by cell division, the cells become once again sensitive to infection by extracellular virus, which is always present due to a few actively producing cells. We propose that the primary selective force that led to the evolution of this mechanism for the regulation of minus-strand RNA synthesis in alphaviruses was the necessity to moderate the virulence of the viruses in the arthropod vector.
Materials and methods
Construction of a full-length clone for SFV RNA (5 Ag) isolated from purified SF virions was used for reverse transcription with oligo(dT) as primer, using methods previously described . Double stranded cDNA selected to be >9 kb was ligated into lambda ZapII (Stratagene) using EcoRI -NotI linkers, and the library was screened with a probe from the nsP3 region of Ross River virus. Several clones were identified, the largest of which (#542) was found to extend from nucleotides 3308 to the 3V poly(A). A probe from the 5V end of this clone was used to rescreen the library, and a cDNA clone (#12) extending from nucleotides 32 to 7612 was identified. A double strand oligonucleotide with overhanging ends for ligation was constructed that contained the SP6 RNA polymerase promoter immediately upstream of the 5V end of SF (5V CATTTAGGTGACACTATAGA  TGGCGGATGTGTGACATACACGACGCCAAAA-GATTTTGTTCCAGCTC 3V annealed with 5V CTGGAA 
-C A A A AT C T T T T G G C G T C G T G TAT G T C A C A -CATCCGCCATCTAT AGTGTCACCTAAATGGGCC 3V).
This synthetic DNA was cloned into the AlwNI site (CAGNNN/CTG) (position 43 of SF RNA) and the ApaI site (GGGCC/C) (present in the vector) of SF clone #12 to form clone #12.21. To prepare the 3V end of a clone with a unique SpeI restriction site downstream of the SF cDNA, PCR was performed with primers AGTACTAGT 18 and GTGAAGACAGCAGGT (nt 10,900 of SF RNA), and the PCR product was digested with NdeI and SpeI and ligated to the 3V end of clone #542. A full-length clone of SF cDNA was assembled from this 3V modified clone and clone 12.21 in a modified proteus plasmid derived from Sindbis clone Toto1101 (Rice et al., 1987) . Infectious RNA transcripts were produced from this clone, called pSFV1TR, using SP6 RNA polymerase after linearization with SpeI. The XbaI-SpeI fragment (nts 6638 -11,513) of pSFV1TR was used to replace the corresponding fragment in a commercial clone (pSFV1 from Gibco BRL), and a clone having the fragment in the correct orientation was called pSFVc.
Construction of cleavage-defective mutants
The arginine codon (CGA) in SF seven residues upstream of nsP4 was changed to UGA using mutagenic primers and fusion PCR as previously described (Yao et al., 1996) . A 0.25 kb product was produced from pSFVc using primers KM015 (5V-GAACCCGCAGACCATGTGG-3V; nts 5282 -5300) and KM010 (5V-CGCGCGGCCTAGT-CACAGGACGTCGTC-3V, nts 5504 -5530; the underlined A is mutagenic). A second product of 0.66 kb was produced with KM011, which is the complement of KM010 and KM016 (5V-GTTGCAGTTTCTCTTGGTGG-3V, nts 6141-6120). The PCR products were purified and fused using primers KM015 and KM016. The resulting 0.91 kb fragment was purified, digested with AgeI and NotI, and cloned into pSFV1 digested with the same enzymes to give pSFV1.opal. The 1.2 kb Bsu361 -NotI fragment from this clone was then transferred to pSFVc to give pSFVc.opal. The entire region derived by PCR was sequenced to ensure that no errors had been introduced and that the opal codon substitution had been effected.
Mutation of the glycine residue at the P2 position of site 1 (GGT) to valine (GTT) was effected by a similar procedure, using primers KM012 (5V-CAGACAATAGT-GAAGGTGCC-3V; nts 1400 -1419), KM007 (5V-CACGACCCCTGCAACTGCGTGATAC-3V; nts 1868 -1887), KM008, the complement of KM007, and KM013 (5V-CCGTCGACCTGGTAACCGCC-3V; nts 1868 -1887). The fused PCR product was cloned into an intermediate vector using MscI and SacI sites, and the SnaBI fragment from the intermediate clone was cloned into pSFVc. A clone having the fragment in the correct orientation was called pSFVc 1V. The entire region derived from PCR was sequenced to ensure the accuracy of the clone.
The change of Gly to Val at site 2 (GGG to GTG) was accomplished using primers KM009 (5V-CATGCA-CACGGCCGTGTGTGCACCATC-3V; nts 4072 -4095) and KM010 with pSFV1. The 1.0 kb EagI-KpnI fragment was joined to the 0.5 kb EagI-KpnI fragment from pSFV1 and the produce was digested with KpnI. The resulting 1.5 kb KpnI fragment was purified and cloned into an intermediate vector that had been digested with KpnI. A clone having the KpnI fragment in the correct orientation was digested with SacI and Bsu36I and the 3.1 kb fragment was inserted to pSFVc digested with the same enzymes. The resulting clone, pSFVc 2V, was sequenced throughout the region derived from PCR DNA.
For the nsP3/nsP4 cleavage site mutation, pSFVc was used as a template with KM015 and mutagenic primer KM022 (5V-GGA GAA AAT ATA TGC TAC CGC GCG GCC-3V), which binds to nts 5522-5549 of the plus-sense SF genome. For the second PCR product, pSFVc was incubated with KM016 and KM023, which is complementary to KM022. The resulting 0.25 and 0.66 kb PCR products were gel purified and combined by fusion PCR using primers KM015 and KM16. The 0.91 kb product was purified and digested with AgeI and NotI, and the resulting 0.76 kb fragment was cloned into AgeI and NotI digested pSFV1 (Gibco), yielding pSFV1 3V. The 1.2 kb, Bsu36 I and NotI fragment from pSFV1 3V was cloned into Bsu36 I and NotI digested pSFVc, resulting in the full-length cDNA clone, pSFVc 3V. To produce pSFVc 3V.opal, the same procedure was repeated with pSFVc.opal as the PCR template.
The different mutations were combined using standard cloning procedures. pSFVc 2V.opal was constructed by cloning the 1.2 kb Bsu36I -NotI fragment from pSFVc.opal into pSFVc 2V. pSFVc 12V was obtained by cloning the 0.83 kb SnaBI fragment from pSFVc 1V into pSFVc 2V and testing the resulting clones for the orientation of the insert. pSFVc 12V.opal was obtained by joining the 3.1 kb SacI-Bsu36I fragment from pSFVc 2V and the 1.2 kb BsuI-NotI fragment from pSFVc.opal, digesting the resulting fragment with SacI and NotI, and cloning it into pSFVc 1V digested with the same enzymes.
In vitro transcription, RNA transfection, and virus growth curves
RNA was transcribed from SpeI-linearized cDNA clones of SFV and its mutants by SP6 RNA polymerase in the presence of cap analog and used to transfect BHK21 cells, using lipofectin (Gibco, BRL). The transfected BHK21 monolayers were incubated under liquid medium at 30 jC for 48 h, and the medium was harvested and virus assayed by plaqueing on monolayers of secondary chicken cells at 30 jC. For virus growth analysis, duplicate multiwell plates of chicken cells were infected with the rescued viruses at a multiplicity of 2 and incubated at 30 or 39 jC, as indicated. Culture fluid from individual wells was harvested at different times up to 24 h post-infection and titrated by plaque assay on chicken cells. Plaques were allowed to develop at 30 jC for 48 h and visualized by staining with neutral red.
RNA from SFV-infected cells
Chicken cells were infected with SFV or its mutants at a multiplicity of 5 at 4 jC. The inocula were removed after 1 h, and medium prewarmed to 30 or 39 jC was added. Infected cells were labeled with 3 H-uridine (20 ACi/ml) or inorganic 32 P (100 ACi/ml) in the presence of dactinomycin using several different regimes. In general, 2.5 Ag dactinomycin/ml was added 1 -2 h before the label, and during labeling, the dactinomycin concentration was reduced to 1 Ag/ml. The label was present for 1 -4 h, after which total RNA was extracted by RNA stat 60 (Tel-test, Inc.) and analyzed by electrophoresis to visualize the genomic and subgenomic RNAs. For this, approximately 2 Ag of total RNA was denatured with glyoxal-DMSO and run on a 1% agarose gel with constant circulation. After electrophoresis, gels were treated with En 3 Hance in case for the 3 H-uridinelabeled RNAs or washed briefly with distilled water for 32 Plabeled RNAs, dried, and exposed to X-ray films.
RNase protection assay
Total RNA was extracted from virus-infected chicken cells at different times after infection at 30 or 39 jC, and the amount of viral plus sense genomic and subgenomic RNA and of minus sense genomic RNA was determined by RNase protection assays. To prepare riboprobes for these assays, the intergenic region of SFV from nts 7296 to 7608 was excised from pSFVc by digestion with MscI and StuI, and the resulting 313 residue fragment was cloned into SmaI-digested pSP72 (Promega) in both orientations, yielding pSFIG(+) and pSFIG(À). pSFIG(+) was linearized with XhoI and pSFIG(À) was linearized with XbaI, and radiolabeled RNA was transcribed with T7 RNA polymerase in the presence of 32 P CTP (specific activity, 800 Ci/mmol), treated with RNase-free DNase I, and purified on a 5% polyacrylamide -8 M urea gel. The gel was exposed on film for about 2 min to locate the labeled transcripts, which were then eluted from the gel with Probe Elution Buffer provided in the RNase protection assay kit (RPA II or RPA III, Ambion). The resulting sense probe from pSFIG(+) was 407 nts long and the antisense probe pSFIG(À) was 371 nts.
RNase protection was performed using the RNase protection assay kit (RPA II or RPA III) from Ambion. To analyze plus-strand RNA synthesis, 1 -10 Ag of total RNA, depending on the time after infection, was mixed with the antisense probe, heated to 95 jC for 3 -4 min, and the mixture was then incubated overnight at 56 jC, followed by treatment with RNase A and RNase T1 for 30 min at 37 jC and precipitation of the protected RNA. The resuspended RNA was electrophoresed in a 5% polyacrylamide -8 M urea gel and visualized by autoradiography. The probe fragments protected by genomic and subgenomic RNAs are 313 and 237 nts, respectively. To analyze minus-strand RNA synthesis, 30 Ag of total RNA was used with the sense probe pSFIG(+) and the fragment protected by genomic sized minus-strand RNA is 313 nts.
